a, Hair-cell stereocilia bundle. A tip-link filament extends from the tip of each stereocilium to the side of its tallest neighbour. b, The tip link formed by a Pcdh15 parallel dimer interacting tip-to-tip with a Cdh23 parallel dimer 5 . These proteins feature 11 and 27 EC repeats, respectively. Inset shows possible arrangement at the junction. c, Ribbon diagram of Pcdh15-EC112 (purple) bound to Cdh23-EC112 (blue) with Ca 21 ions as green spheres. Arrowheads indicate the RGGPP loop of Pcdh15-EC112 and the 3 10 helix of Cdh23-EC112. Residues Arg 113, Cys 11 and Cys 99 of Pcdh15 are shown in stick representation. d, Detail of disulphide bond Cys 11-Cys 99 and isoformdependent residues Asp 4 to Tyr 8 at the Pcdh15 N terminus. e, Detail of Ca 21binding sites 1, 2 and 3 at the Pcdh15-EC112 linker. Protein backbone and side chains are in stick representations for labelled residues. f, Surface representation of Pcdh15-EC112 (purple and pink) and Cdh23-EC112 (blue and cyan) as in c. g, Pcdh15-EC112 and Cdh23-EC112 interaction surfaces exposed with interfacing residues labelled. Residues labelled in red are involved in inherited deafness; underlined residues were mutated to probe the interface. several novel structural features within Pcdh15-EC112 and Cdh23-EC112 enable the handshake interaction.
Pcdh15-EC112 has an elongated N terminus clamped by an intramolecular disulphide bond ( Fig. 1d ), which is followed by a conserved RXGPP (in which 'X' denotes glycine, threonine or serine) motif that forms a rigid and bulky loop ( Supplementary Fig. 5a, b ). This RXGPP loop, within strand A of Pcdh15-EC1, is tucked against the narrow wrist of the linker region of the adjacent Cdh23-EC112 ( Fig. 1c) . Similarly, Cdh23-EC112 has an elongated N terminus, stabilized at the tip by Ca 21 -binding site 0 (refs 16, 17) , which is followed by a bulky 3 10 helix within strand A that sits at the narrow wrist of the linker in the adjacent Pcdh15-EC112 ( Fig. 1c) . Thus, the Pcdh15-EC112-Cdh23-EC112 interface exploits unique structural protrusions within strand A of each EC1 repeat, which in turn are stabilized by a disulphide bond and a Ca 21 -binding site, and lead to the two main areas of interaction described below.
The Pcdh15-EC112-Cdh23-EC112 heterophilic interface differs from the strand-exchanged or X-dimer homophilic interfaces of classical cadherins [18] [19] [20] . Furthermore, this interface is not directly mediated by Ca 21 as previously speculated 16, 17 . However, several factors indicate that this is a robust interface. The buried surface area is ,1,000 Å 2 per protomer (see Supplementary Tables 1 and 2 ), similar to that of classical cadherin interfaces (850 Å 2 and 1,270 Å 2 for type I and type II, respectively). The interface is amphiphilic ( Supplementary Fig. 6 ); all its residues are highly conserved in mouse, human and chicken homologues, and none are predicted to be glycosylated ( Fig. 1g and Supplementary Fig. 7 ). Finally, the same interface was observed in two different crystal lattices, so it is unlikely to represent unphysiological crystal-packing interactions.
To further validate the Pcdh15-EC112-Cdh23-EC112 interface we used isothermal titration calorimetry (ITC) and site-directed mutagenesis. The stoichiometry of the wild-type complex was determined to be N 5 0.88 6 0.1, consistent with the one-to-one crystallographic arrangement (Fig. 1 ). The measured dissociation constant was K d 5 2.9 6 0.4 mM (temperature T 5 10 uC, enthalpy change DH 5 7.1 6 0.2 kcal mol 21 , entropy change DS 5 50.4 6 1.1 cal mol 21 deg 21 , two trials; Fig. 2a, b and Supplementary Discussion). The tip link is thought to be a heterotetramer of parallel Pcdh15 and Cdh23 dimers 5 (Fig. 1b ). However, our biochemical and crystallographic data do not show homophilic binding of Cdh23-EC112 or Pcdh15-EC112, suggesting that parallel dimerization is mediated by repeats other than EC1 and EC2. If so, the binding affinity for the heterotetramer is expected to be higher 21 .
The 'extended handshake' features two main areas of interaction. The first is located at and above the RXGPP loop of Pcdh15 and centres on Tyr 8, Pro 19 and Ile 108 in Pcdh15, and Leu 145 and Gln 187 in I22A-WT
Pcdh15-EC112-Cdh23-EC112 complex formation probed using ITC and site-directed mutagenesis. a, Raw power versus time data for Pcdh15-EC112 (111 mM) titrated with Cdh23-EC112 (1.1 mM) at 10 uC (black, wild type-wild type (WT-WT)). Inset shows raw data (blue) for Pcdh15-EC112(I22A) (114 mM) titrated with Cdh23-EC112(L145G) (1.2 mM). b, c, Change in molar enthalpy for Pcdh15-EC112 titrated with Cdh23-EC112 (black, WT-WT); Pcdh15-EC112(I22A) with Cdh23-EC112 (light green); Pcdh15-EC112 with Cdh23-EC112(L145G) (dark green); and Pcdh15-EC112(I22A) with Cdh23-EC112(L145G) (blue) (b), and Pcdh15-EC112 with Cdh23-EC112(S47P) (violet); Pcdh15-EC112(R113G) with Cdh23-EC112 (magenta); and Pcdh15-EC112 with Cdh23-EC112(D101G) (indigo) (concentrations in Supplementary Fig. 8 ) (c). Sigmoidal isothermals were observed only for Pcdh15-EC112-Cdh23-EC112 and Pcdh15-EC112-Cdh23-EC112(S47P). d-h, Details of the Pcdh15-EC112-Cdh23-EC112 interface, highlighting residue Leu 145 (e), the RGGPP loop (f) and residues Ile 22 (g) and Arg 113 (h). h is a 180u-rotated version of g. Protein backbone and interfacing residues (as identified by the Protein Interfaces, Surfaces and Assemblies (PISA) server) are in purple/pink for Pcdh15 and blue/cyan for Cdh23.
LETTER RESEARCH
Cdh23 (Figs 1g and 2d-f ). The second, located between the RXGPP loop and the 3 10 (Figs 1g and 2d, g) . To test the two interaction areas we introduced mutations predicted to disrupt them: I22A in Pcdh15 (Pcdh15-EC112(I22A)) and L145G in Cdh23 (Cdh23-EC112(L145G)); Fig. 2d , e, g). SEC confirmed proper folding and structural integrity of the mutant proteins. ITC experiments, testing binding with either one or both mutant partners, showed decreased affinity for each single-mutant complex (Pcdh15-EC112(I22A) and Cdh23-EC112, K d . 100 mM; Pcdh15-EC112 and Cdh23-EC112(L145G), K d . 30 mM), and complete lack of interaction for the double-mutant complex (Pcdh15-EC112(I22A) and Cdh23-EC112(L145G); Fig. 2a , b, d, e, g and Supplementary  Figs 2, 8 and 9 ). Likewise, SEC of Pcdh15-EC112 and Cdh23-EC1 repeats alone did not show complex formation ( Supplementary  Fig. 2b ). Taken together, these results indicate that the interface observed in the crystals is consistent with the interface observed in solution.
Next we wanted to know whether the interface has the properties expected for a tip-link bond. Tip links are regularly subjected to (and must withstand) forces ranging from 10 to 100 pN, both in vivo and in physiological experiments. Although SEC and ITC experiments provide a characterization of the bond in thermodynamic equilibrium, they do not probe its response to mechanical force. To determine whether the Pcdh15-EC112-Cdh23-EC112 interface is mechanically strong we used steered molecular dynamics (SMD) simulations (Methods and Supplementary Table 3 ). Force was applied to the carboxy terminus of each protomer to induce complex dissociation ( Fig. 3a) . In all SMD simulations of Pcdh15-EC112-Cdh23-EC112 with Ca 21 , unbinding was observed without unfolding of repeats. Partial rupture of the binding interface at contacts formed by residues Pcdh15(T106)-Cdh23(L145) and Pcdh15(R84)-Cdh23(N96) was followed by sliding of the 3 10 helix in strand A of Cdh23-EC1 over the Pcdh15 RXGPP loop, and simultaneous rupture of a salt bridge between Pcdh15 Arg 113 and Cdh23 Glu 77 (Fig. 3b , Supplementary Discussion, Supplementary Figs 10 and 11 and Supplementary  Videos 1 and 2) . Simulations performed using different stretching speeds, initial conditions, and thermodynamic ensembles revealed a similar scenario, with at least one force peak of .400 pN associated with complex unbinding (Fig. 3c, d and Supplementary  Figs 10 and 11) .
Unbinding forces followed the well-known dependence on stretching speed 22 , with less force required when the stretch was slower. The slowest speed used in our simulations matched the measured velocity of the basilar membrane induced by loud sound 23 as well as speeds of mechanical stimulators used in ex vivo electrophysiological experiments 24 (see Supplementary Discussion) . In all our simulations the Pcdh15-EC112-Cdh23-EC112 interface was stronger than that of the classical C-cadherin interface pulled under identical conditions ( Supplementary Fig. 12 ). Furthermore, the predicted force required to unbind parallel complexes was almost double that required to unbind a single Pcdh15-EC112-Cdh23-EC112 complex (Supplementary Figs 12b, c), which may correspond to the actual force that heterotetrameric tip links can withstand in vivo before rupture due to large mechanical stimuli, such as loud sound. Table 3 ). The complex is shown in both cartoon and surface representations at the beginning, and in surface representation at indicated time points. Force (F) was applied to the C termini of both protomers ( Supplementary Videos 1 and 2) . Green arrows point to broken interfaces. b, Region of grey box in panel a, showing interacting residues during unbinding. c, Force applied to one C terminus versus distance between C-termini ends of Pcdh15-EC112 and Cdh23-EC112. Different traces correspond to independent simulations performed at stretching speeds of 10 (blue and black), 1 (light and dark green), 0.1 (cyan, 1-ns running average shown in black) and 0.02 nm ns 21 (magenta, 1-ns running average). Snapshots in a are indicated by arrowheads. d, Maximum-force peak values versus stretching speed for unbinding simulations of Pcdh15-EC112-Cdh23-EC112 started after a 1-ns or 1-ms equilibration (light green, SN2-SN6; dark green, SNA2-SNA7; cyan, SN10-SN13). Simulations SN2-SN6 and SNA2-SNA7 used the S1b structure and SN10-SN13 used S1a; unbinding forces for all three sets were equivalent.
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The integrity of tip links in hair cells is Ca 21 dependent 3 , yet Ca 21 does not directly participate in the binding interface. We therefore determined whether the Pcdh15-EC112-Cdh23-EC112 complex is disrupted by Ca 21 removal using SEC experiments in the presence of ethylene glycol tetra-acetic acid (EGTA) (Fig. 4a) . The Cdh23 fragment by itself did not show changes in its elution volume, whereas Pcdh15-EC112 in the presence of EGTA showed a shifted elution trace. Notably, the Pcdh15-EC112-Cdh23-EC112 complex was disrupted by addition of EGTA: its elution trace did not match that in the presence of Ca 21 , but rather corresponded to the summation of the traces of the individual components without the shift in elution volume that indicates interaction. The complex used for crystallization is thus Ca 21 dependent at equilibrium, in line with what is known about the full-length Pcdh15 and Cdh23 proteins and the tip link 3, 5 .
To understand the basis of the Ca 21 dependence, we performed microsecond-long molecular dynamics simulations of the Ca 21 -free complex. These suggest a molecular mechanism: removal of Ca 21 is predicted to cause dissociation indirectly, through entropic stress (see Supplementary Discussion, Supplementary Figs 13 and 14 and Supplementary Videos 3, 4 and 5), as observed for other cadherins 25 .
Over 40 missense mutations associated with deafness in humans or mice target the extracellular domains of Pcdh15 and Cdh23, and most modify Ca 21 -binding residues 26 . Three human mutations causing inherited deafness (PCDH15(D157G) 27 , CDH23(D101G) 28 and PCDH15(R113G) 27 ), and one mouse mutation that accelerates progressive hearing loss (Cdh23(S47P) 29 ), are located within the crystallized Pcdh15-EC112-Cdh23-EC112 complex ( Supplementary  Figs 1c and 15 ). Our data provide a structural context to interpret their effect on tip-link function. We also constructed all four mutants to test formation of heterophilic complexes in vitro with ITC and SEC, finding that they each affect the Pcdh15-EC112-Cdh23-EC112 complex in different ways. Cdh23-EC112(D101G), Cdh23-EC112(S47P) and Pcdh15-EC112(R113G) refolded well, as assessed by SEC, whereas Pcdh15EC112(D157G) did not and its analysis was not possible. The D101G and S47P Cdh23-EC112 fragments crystallized in complex with Pcdh15-EC112 and show only minor changes in the interface and in binding ( Fig. 2c, Supplementary Discussion and Supplementary  Fig. 16 ). On the other hand, Pcdh15-EC112(R113G) showed impaired binding to Cdh23-EC112.
Residue Arg 113 of Pcdh15 is of particular interest because it is at the interface between Pcdh15-EC112 and Cdh23-EC112 (Fig. 2h ). Mutation R113G, causing human non-syndromic deafness DFNB23 (ref. 27) , eliminates the long arginine side chain that flanks the hydrophobic core of this interface and disrupts its integrated hydrogen-bond network. SEC of either co-refolded or independently refolded proteins showed no evidence of Pcdh15-EC112(R113G)-Cdh23-EC112 complex formation ( Fig. 4b and Supplementary Fig. 2 ). Furthermore, ITC experiments show impaired binding and indicate an estimated K d at least an order of magnitude larger than that measured for wild-type Pcdh15-EC112-Cdh23-EC112 (.20 mM, Fig. 2c and Supplementary Fig. 8 ). In other work, R113G impaired binding of full-length Pcdh15 and Cdh23 in vitro 5 , as well as binding of protein fragments to hair-cell tip links ex vivo 11 . Together, these observations help to validate the interface observed in our crystal structure and indicate that this mutation causes deafness by directly interfering with binding between Pcdh15 and Cdh23. Residual interactions detected in ITC experiments may explain why vestibular function is not affected in human subjects carrying this mutation 27 .
In summary ( Supplementary Fig. 1 ), the Pcdh15-EC112-Cdh23-EC112 structure provides the first view of a heterophilic cadherin complex, revealing a novel extended-handshake interface that simulations predict to be mechanically stronger than required to resist forces produced by moderate sound. The structure helps explain the Ca 21 sensitivity of the tip link, and the aetiology of certain inherited deafness conditions. For other cadherins, both the existence of heterophilic cadherin bonds and the possibility of interdigitation have been debated 20 . Although protocadherin 15 and cadherin 23 are rather specialized members of the cadherin family, the overlapping heterophilic complex formed by these molecules suggests structural determinants that could also favour these type of interactions in related members of the cadherin family, such as the Fat3 and Fat4 cadherins that control neuronal morphology and morphogenesis 30 (Supplementary Discussion and Supplementary Figs 18 and 19 ).
METHODS SUMMARY
Wild-type and mutant Cdh23 EC1 and EC11EC2 repeats and Pcdh15 EC11EC2 repeats were subcloned into a pET21a plasmid, expressed independently in BL21-CodonPlus (DE3)-RIPL Escherichia coli cells, purified under denaturing conditions with nickel-sepharose beads, and then mixed and co-refolded in six steps at 4 uC. Refolded proteins were further purified by SEC. Crystals were grown by vapour diffusion, cryoprotected and cryo-cooled in N 2 . X-ray diffraction data were collected as indicated in Supplementary Tables 1 and 2 Figure 4 | Pcdh15-EC112-Cdh23-EC112 complex formation, its Ca 21 dependence and the role of the deafness mutation R113G, probed using analytical SEC. Individual traces represent independent experiments. a, Top, SEC traces for Pcdh15-EC112 and Cdh23-EC112 with Ca 21 (red and blue) or with 5 mM EGTA (purple and cyan). A shift in response to Ca 21 removal by EGTA was observed for Pcdh15-EC112 (purple versus red curves). Middle, SEC traces for Pcdh15-EC112-Cdh23-EC112 in the presence of Ca 21 (light green) or 5 mM EGTA (dark green). The summation of a purple and a cyan curve from above is shown as a dashed line. The EGTA-treated complex behaved as the sum of its EGTA-treated components, indicating Ca 21dependent complex formation. Bottom, Coomassie-stained SDSpolyacrylamide gel electrophoresis (SDS-PAGE) of eluted fractions from EGTA-treated proteins. b, Top, SEC traces for mutant Pcdh15-EC112(R113G) alone (maroon) and mixed with Cdh23-EC112 (orange). Wild-type proteins from a are shown for comparison. Bottom, Coomassiestained SDS-PAGE of eluted fractions aligned to chromatogram. A reproducible shift in elution volume was observed for the wild-type (green) but not for the mutant mixture (Pcdh15-EC112(R113G)-Cdh23-EC112; orange). The shifted peak (1.61 ml) contained both proteins (1.56-1.64-ml fractions). mAU, milli-absorbance units.
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